Molecular dynamics simulations are employed to study the static and dynamic properties of macromolecules in dilute and semidilute solutions of a good solvent. The results are compared with dielectric spectroscopy experiments. Crossover concentrations, *, that demarcate the dilute and semidilute regimes are identified. The shift from self-avoiding-walk to random-walk behavior is also studied. An investigation is conducted of the normal-mode dielectric relaxation of type-A polar polymers. In dilute systems, a power law molecular weight dependence of the normal mode relaxation times ϰN 2.2 is observed, in accordance with DeGennes's scaling analysis for self-avoiding-walk chains. This result does not agree with the experimental dependence of the normal mode relaxation time on the size of the polymers. The differences between the simulations and the experimental dynamic results in the dilute regime can be ascribed to the leading assumption of the model, the neglect of hydrodynamic interactions. For higher concentrations Ͼ8*, hydrodynamic and excluded volume effects are effectively screened, and the simulation results conform well with experiments. The dielectric spectrum broadens with increasing density, and for low densities the broadening can be explained in terms of chain overlapping. For densities higher than the entanglement density, entanglement effects broaden the spectrum considerably. A mapping of the model parameters to real polymer properties is also proposed.
I. INTRODUCTION
The study of conformations and conformational motions of flexible polymer chains in solution is of great scientific and technological importance. Understanding the physics of macromolecules at the molecular level helps the synthesis and design of commercial products and provides insight into the structure and functions of biological systems. Solutions of flexible polymers have therefore been the subject of extensive theoretical treatments, 1,2 a wide variety of experiments, 3, 4 and of computer simulations. [5] [6] [7] Dielectric spectroscopy is a widely used experimental technique to probe static and dynamic properties of polymeric solutions. [8] [9] [10] Conformational features can be determined by dielectric relaxation strength measurements, whereas the dielectric spectrum provides information on the dynamics of the macromolecules. Phenomenological and molecular theories of dielectric permittivity and dielectric relaxation of polymers have also been developed to elucidate the experimentally observed phenomena. 11, 12 As Adachi and Kotaka 10 have stressed, experimental information depends on each monomer's dipole-vector direction as related to the chain contour. A classification of polar polymers into three categories was introduced by Stockmayer: 13 type-A polymers, where the dipole is parallel to the chain contour, type B, where it is perpendicular to the chain contour, and type C, where the dipoles are located on mobile side groups. For type-A chains the global dipole moment of each chain is directly proportional to the chain's end-to-end vector R. As a result, the dielectric relaxation reflects the fluctuations of R, establishing a connection between dielectric and lowfrequency viscoelastic relaxation.
Cis-polyisoprene ͑PI͒ is a type-A polymer, and has been the subject of extensive dielectric studies in the bulk, blends, and solutions. A comprehensive review of these studies can be found in Refs. 8 and 10. Adachi and co-workers, [14] [15] [16] Urakawa and co-workers, 17, 18 and Patel and Takahashi 19 have used dielectric spectroscopy to probe the properties of dilute and semidilute solutions of PI in a wide range of conditions. Polymer dimensions can be studied by making use of the relation between the dielectric strength ⌬⑀ and the average squared end-to-end distance of the polymer ͗R 2 ͘,
where N A is the Avogadro number, Ј is the dipole moment per unit contour length of the chain, T is the temperature, k B is the Boltzmann factor, M is the molecular weight, and F is the ratio of the effective-local field to the applied one. As discussed in Ref. 10 , FӍ1, for the case of solutions of type-A polymers. Adachi and Kotaka found ͗R 2 ͘ of PI chains in benzene, 15 a good solvent, to be proportional to M 1.275 , close to the 1.2 power expected from the Flory theory. 20 They also identified the characteristic concentration, C*, that corresponds to the transition from the dilute regime of individual chains to the semidilute regime of overlapping chains. Their results compare well with the scaling theory of DeGennes 2 that suggests a scaling relationship for C* of the form C*ϭ3M /4N A (ͱ͗R G 2 ͘) 3 , where R G is the radius of gyration of the chains.
The dielectric relaxation of a type-A chain in solution is called ''the dielectric normal mode process,'' since it can be described in terms of a Rouse-Zimm model 21, 22 normal mode analysis. It is associated with the rotational motion of the entire molecule, and Adachi and Kotaka 10 indicated that the normal mode relaxation time for linear type-A chains is ϭ0.97 1 , where 1 is the maximum relaxation time of the Rouse-Zimm model.
The complex dielectric permittivity of type-A macromolecules is determined experimentally by the FourierLaplace transform of the time derivative of the normalized decay function a(t) of the system's dipoles:
In Eq. ͑1.2͒ ⑀* is the complex dielectric permittivity, ⑀* ϭ⑀ЈϪi⑀Љ, where ⑀Ј is the real dielectric permittivity and ⑀Љ is the dielectric loss. ⑀ s and ⑀ ϱ are the low and high frequency limits of the static permittivity. a(t) is the normalized decay function. It determines the response of a polar system when an external electric field, imposed at tϭϪϱ, is suddenly removed at tϭ0 and the dipoles reorient themselves in an equilibrium distribution. Adachi and Kotaka 15 and Patel and Takahashi 19 found the normal mode dielectric relaxation times as ϭ1/2 f max , where f max is the frequency where the maximum of the dielectric loss ⑀Љ curve occurs. Adachi and Kotaka extrapolated the finite concentration normal mode relaxation times to infinite dilution with the aid of Muthukumar's theory. 23, 24 They found that 0 ϭ3.47ϫ10 Ϫ15 M 1.77 s for PI in benzene solutions, noticing that neither the Rouse 21 nor the Zimm 22 theory predicts such a dependence. They were able to get reasonable agreement for the molecular weight dependence of 0 by modifying the Zimm theory for the excluded volume effect in an ad hoc manner, combining the experimentally determined intrinsic viscosity with the Zimm theory. The basic Zimm theory has been extended to good solvents by Edwards and Freed 25 and Edwards and Muthukumar. 26 The behavior of macromolecules in very dilute systems of good solvents can also be described by Tschoegl's 27,28 theory, with an intermediate hydrodynamic interactions parameter. Patel and Takahashi 19 found for PI in a good hydrocarbon solvent, Isopar-G, that 0 ϭ1.03 ϫ10 Ϫ14 M 1.69 s using exponential fits to extrapolate to infinite dilution. They also investigated the concentration dependencies of the relaxation times and the shape of the dielectric loss curves, relating their results to polymer scaling theories.
1,2 At concentrations above C* the behavior changes from Zimm/Tschoegl-like behavior to Rouse-like behavior. This transition can be ascribed to the onset of overlapping of the chains and the subsequent screening of excluded volume interactions and hydrodynamic effects. For long enough chains, increasing further the concentration above the entanglement critical concentration, C c , causes entanglement effects to begin to dominate the dynamical behavior of macromolecules. To date, it is not entirely clear whether the overlapping chains obey a Rouse-like behavior in the entire regime C*ϽCϽC c or whether there is a slow transition between different behaviors.
In this paper, we present molecular dynamics simulations of flexible type-A polar chains in dilute and semidilute solutions of good solvents, in an effort to establish connections between dielectric spectroscopy experiments and computer simulations. The model we used is a slightly modified bead and spring model that has been extensively employed for the study of polymeric systems. 5, 29, 30 Molecular dynamics simulations of bead-spring models have been previously employed to describe macromolecular systems at infinite dilution. 29 Kremer and Grest simulated isolated chains neglecting hydrodynamic interactions. 29, 31 The beads in their model are coupled with a heat bath and the solvent is treated as an immobile continuum. Rouse-like behavior was observed, where the relaxation time of the endto-end distance vector of the chains scales with the number of monomers N as ϰN 2.18 . It is accepted that hydrodynamic interactions play an important role in the dynamics of macromolecules, 1 which may explain the discrepancy with the experiments. To account for hydrodynamic interactions, researchers have tried to simulate dilute solutions of macromolecules including explicit solvent particles. [32] [33] [34] [35] Unfortunately, the computations become extremely demanding, so only systems at infinite dilution and with chain sizes up to Nϭ60 beads were studied. These sizes do not reveal the behavior in the limit of long macromolecules, and studies of longer chains are not computationally feasible because of the long range of the hydrodynamic effects. 32, 33 Therefore, a spectrum of concentrations in the dilute and semidilute concentration regimes cannot be studied unless prohibitively long simulations are performed. On the other hand, it is expected that upon increasing the concentration, long correlations in the stochastic displacements of the monomers will be screened out. Therefore, molecular dynamics simulations employing a heat bath should accurately describe the global motions of chains at higher concentrations. Kremer and Grest 30 have shown the adequacy of this model for simulating melts of macromolecules. To our knowledge there have been no studies using the bead-spring model to simulate solutions of intermediate concentrations.
In the present work a bead-spring model 29, 30 is used to simulate dilute and semidilute polymer solutions. It is our intention to probe as large a portion of the parameter space as possible and examine the applicability of this model for dilute and semidilute solutions of polymers. We identify concentrations where simulated dynamical properties conform well with the experimental results, [14] [15] [16] 19 ascribing the agreement to the demarcation of the Zimm/Tschoegl-like behavior and the subsequent onset of Rouse-like dynamical behavior for our macromolecules. We use equilibrium simulations to study the static and dynamic properties of macromolecules. Nonequilibrium simulations are also employed, where external electric fields are imposed and the systems' response is monitored. We examine the dependence of the static and dynamic properties on the size of the chains and the concentration of the solutions and compare the simulation results with experimental results. [14] [15] [16] [17] [18] [19] Finally, a mapping of the simulation model parameters to real polymer properties is attempted. In a previous work, 36 we used a similar model to simulate polar chains grafted on an impermeable flat surface, but were unable to establish such a connection due to lack of experimental results.
The paper is organized as follows. In Sec. II we present the simulation model and method. In Sec. III we present the results obtained by simulations. First an attempt is made to deduce Eq. ͑1.1͒ from simulation results. Then, the dimensions of polymers are studied over a range of concentrations. The dynamic properties of the chains are also studied in terms of the normal mode dielectric process. Finally, in Sec. IV we present the conclusions of our work.
II. SIMULATION METHODOLOGY
We are interested in polar polymer chains embedded in a nonpolar solvent. The model we use is largely based on the model of Kremer and Grest. 29, 30 We simulate systems of M c chains, each one consisting of N beads. The monomers are coupled with a heat bath and are subjected to random forces F i , which are computed from a white noise stationary Gaussian process. 29, 30 To simulate good solvent conditions, all the beads in our system interact through the repulsive part of a Lennard-Jones potential
͑2.1͒
where r i j ϭ͉r i j ͉ϭ͉r i Ϫr j ͉, is the bead size, ⑀ is the Lennard-Jones interaction parameter and the cutoff radius r c ϭ2 1/6 . Any two consecutive beads along a chain interact through a frictionless FENE spring
The parameters kϭ30⑀/ 2 and R 0 ϭ1.5 are the same as in Ref. 29 .
We consider j to be the permanent dipole moment of the jth chain. We replace the dipoles by a pair of charges q and Ϫq located at the center of mass of the end beads, neglecting induced dipole moments. Consequently, the dipole vector is j ϭq(r N Ϫr 1 ) and the global chain dipole moment is parallel to the end-to-end vector, resulting in a type-A polar macromolecule ͑see Fig. 1͒ . We do not take into account dipole-dipole interactions in this work. It was established in Ref. 36 that for the magnitudes of dipoles studied, there is essentially no difference between the static and dynamic properties of polar and nonpolar macromolecules. Therefore we do not include a Coulombic interaction between different charges. We consider the charges only when coupled with an external electric field E. In this case the forces on the end beads are
͑2.3͒
The equations of motion for the beads of our system are
.4͒ was integrated with a time step dtϭ0.008,
, using a fifth-order predictor-corrector scheme. Nondimensional units were used throughout so that ⑀ϭ1, ϭ1, and mϭ1. The friction coefficient was ϭ0.5
Ϫ1 and the temperature of the simulations was chosen to be k B Tϭ1.2⑀. More details on the simulation parameters can be found in Refs. 30 and 36.
Simulations for systems of chains with N beads were performed, with Nϭ30, 50, 75, 100, 150 and 200, at reduced densities ϭ0.0, 0.01, 0.03, 0.1, 0.2, 0.3, and 0.4, with ϭNM c /V. V is the reduced volume of the simulation box, Vϭ(L/) 3 . L is the simulation box length. Infinite dilution conditions were simulated by turning off the intermolecular potential. Initial configurations were generated using a selfavoiding random walk scheme, and the chains were subsequently equilibrated for times longer than the longest configurational relaxation time of the system. Periodic boundary conditions were used in the typical fashion. 37 M c ranged from 30 for the smaller chains and low densities to 50 for the longer chains and higher densities, so that the chains did not cross the periodic boundaries more than once. We used charges equal to qϭq nr /(4 0 solv ⑀) 1/2 ϭ1.0, q nr being the nonreduced charges and 0 the vacuum permittivity. solv is the permittivity of the solvent, which we set as solv ϭ2.0, close to dielectric permittivity of typical solvents. Note that, since the simulations use reduced units, the exact value of solv is of importance only when a mapping of model parameters to real polymer properties is involved. We used qϭ1.0 because it results in a dipole moment per unit chain contour Јϭ1.0, close to the one of cis-polyisoprene (Јϭ4.8 ϫ10 Ϫ12 esu͒, following the mapping of Kremer and Grest 30 ͑see the Appendix͒. In the nonequilibrium simulations, the external fields needed to be large enough to produce a good signal/noise ratio. It was found that for reduced charges on the order of 1.0 and for the concentrations studied, reduced electric fields in the range Eϭ0.1-0.3 were sufficient. A reduced electric field Eϭ0.3 is equivalent to an actual electric field on the . This is a large value to be attained experimentally, but in the bead-spring model with qϭ1.0, a value of Eр0.3 produces a linear system response, as will be shown in Sec. III.
III. RESULTS AND DISCUSSION
In the following we discuss the simulation results, comparing them with the dielectric spectroscopy experiments of Adachi et al., [14] [15] [16] and Patel and Takahashi. 19 These experiments examined the dielectric strength and the dielectric normal mode process of cis-polyisoprene in good solvent solutions with concentrations ranging from infinite dilution to the bulk.
In the work of Adachi and co-workers, molecular weights of PI ranged from 5ϫ10 3 ͑PI-05͒ to 1250ϫ10 3 ͑PI-1250͒. Concentrations of PI in good solvents, such as benzene, toluene, or heptane, ranged from 0.44 to 91.1ϫ10
, the latter being the density of the melt. Patel and Takahashi studied dilute and semidilute PI-31 to PI-3300 in a moderately good solvent, Isopar-G. The concentrations studied ranged from 0.5% to 8% by weight. The comparison of the simulation results with systems of PI was decided on the basis of the availability of PI experimental data over a wide range of conditions.
A. Dielectric strength and polymer dimensions
Adachi and Kotaka 10 derived Eq. ͑1.1͒ using statistical mechanics arguments. In this section we present simulation results that verify the validity of Eq. ͑1.1͒ in the linear response regime.
The dielectric strength ⌬⑀ is defined as
where P is the system's polarization under the influence of an electric field E. The polarization is the total dipole moment in the direction of the field per unit volume
where n P ϭM c /V is the number of chains per unit volume, and field is the global chain dipole moment in the direction of the field. The brackets represent an ensemble average. We can write the right-hand side of Eq. ͑1.1͒ as
From the above, we conclude that Eq. ͑1.1͒ holds true if
To verify the validity of Eq. ͑3.4͒, we employed nonequilibrium molecular dynamics simulations, where the type-A polar chains are perturbed by external electric fields. The chains reorient themselves partially in the direction of the field, giving rise to an increase in the polarization P. In the steady state, the ratio ͗ field ͘/E should be constant and equal to the left-hand side of Eq. ͑3.4͒.
We simulated systems of chains with Nϭ30 beads, at two different densities, ϭ0.03 and ϭ0.30, to investigate any possible density effects. A number of different field magnitudes E were applied and the linear response regime was identified. These two systems were also simulated in equilibrium and the average squared end-to-end distance of the chains was calculated. The average polarization was found in the steady state and the dielectric strength was compared with the equilibrium squared end-to-end distance of the chains.
In Table I the ensemble average of the chain dipole moment in the direction of the field and the equilibrium average squared end-to-end distance are reported. In Fig. 2 the ratio ͗ field ͘/E is plotted versus the effective electric field E. For ϭ0.03, electric fields Eр0.2 produce a linear system response, i.e., the polarization departure from its equilibrium value (͗P͘ϭ0) is directly proportional to the external per- We should note that the internal field factor F has not been determined theoretically, but Adachi and Kotaka have argued that it is close to 1 for the dielectric relaxation process of type-A polymers. The simulations make no attempt of providing a theoretical framework for the calculation of the factor F. To do so, one would have to consider dipoledipole interactions, which alter the applied/local field ratio. While this is an interesting issue, it exceeds the objectives of the present work.
B. Concentration and molecular weight dependencies of static properties
Static properties calculated from equilibrium simulations are presented in Table II . We calculate the squared end-toend distance,
and the squared radius of gyration
͑3.6͒
where r c.m. is the chain center of mass. The brackets indicate ensemble averages.
From the results in 38 In the dilute regime the chains are isolated. At higher concentrations they begin overlapping, reaching a crossover concentration that separates the regimes of isolated and overlapping chains. Figure 3 shows the radius of gyration of the chains as a function of the concentration. We have estimated from the plot that the crossover concentrations are 50 * ϭ0.03, 100 * ϭ0.017, and 150 * ϭ0.012, for systems with Nϭ50, 100, and 150 beads, respectively, conforming well with DeGennes's scaling law:
The values of * are very small, since they scale with N 1Ϫ3 . Therefore, the semidilute regime exists in a broad range of concentrations in which coils overlap strongly, yet still Ӷ1. The crossover concentration C* in gcm Ϫ3 was determined experimentally to be 0.2, 0.017 and 0.013 for PI-05, PI-102, and PI-165, respectively 16 in reasonable agreement with the scaling theory. Dilute and semidilute polymer solutions possess the property of universality. 1 Only one characteristic concentration exists in a dilute polymer solution, corresponding to the transition from the dilute regime of individual chains to the semidilute regime of strongly overlapped coils. Consequently, the static properties of macromolecules in dilute and semidilute solutions are universal functions of C/C*. Figure  4 ), with K estimated to be 0.549 for PI in benzene. The results in Fig. 4 suggest that the slope in the semidilute regime is closer to Ϫ1/5, whereas for more concentrated solutions the slope becomes steeper. The simulation results show a slope for higher concentrations very close to Ϫ1/2, as Muthukumar and Edwards have suggested.
To provide additional insight into the boundary concentration, we calculate the single-chain static structure factor
͑3.8͒
Here, q is the wave vector with units of inverse length. One expects a scaling relation S(q)ϰq Ϫ1/ in the wave number regime R G Ϫ1 ӶqӶ␣ Ϫ1 , 1 where ␣ is a microscopic length of the order of a bond length, i.e., ␣Ӎ. Specifically, the structure factor follows a scaling with Ϫ1/, Ӎ0.62 in dilute solutions of good solvents. In this concentration regime the chains' behavior conforms to a self avoiding walk ͑SAW͒. Increasing the concentration, the scaling law reaches a limit S(q)ϰq Ϫ2.0 for concentrated solutions and melts, 1 and the macromolecules follow a random walk ͑RW͒ behavior. This power shift is ascribed to the screening of excluded volume effects. 2 In Fig. 5 we plot the structure factor as a function of the wave vector for chains with Nϭ50 and Nϭ150 at densities ϭ0.03 and ϭ0.4 ͑the Nϭ50 curves have been shifted on the y axis for clarity͒. The slope of S(q) decreases from Ϫ1/ӍϪ1.62 in the dilute solutions of chains with Nϭ50, to around Ϫ2 for the concentrated cases of both chain lengths. We have found that all the slopes of the scattering scaling law are equal to Ϫ1/ӍϪ1.62 for р*. Increasing the concentration above * results in a gradual structure factor behavior shift to the limiting behavior of the melt, S(q)ϰq Ϫ2 . This shift is due to the increasing importance of chain overlap. It is not before у8* that the behavior has reached the random walk limit. The simulated systems show random walk behavior for densities RW(50) у0.3, for chains with Nϭ50, RW(100) Ͼ0.2, for chains with Nϭ100, and RW(150) у0.1 for chains with Nϭ150.
In the Appendix we map the bead-spring model parameters to cis-polyisoprene, comparing the simulations and the dielectric spectroscopy experimental results. We find that a bead is equivalent to 1.69 monomers of PI and that the size of the beads is ϭ0.57 nm. This mapping is close to the mapping suggested by Kremer and Grest. 
C. Relaxation spectra and normal mode relaxation times
In the presence of an external electric field, polar chains reorient themselves in the direction of the field. The orienta- tional motions of polar macromolecules give rise to dielectric absorption. The rotational rearrangement of macromolecules in a solution takes a finite time, increasing the polarization P of the system in the direction of the field, where P is the sum of the constituent dipoles per unit volume: Pϭ ͚ jϭ1 M c j /V. This increase of the polarization with time after the application of a field is called the buildup process, and is described by the normalized buildup function b(t). When the electric field is turned off, Brownian motion randomizes the orientation of the chains to the equilibrium distribution. This decay process is described by the normalized decay function, a(t) where
with ⌬P(t)ϭP(t)Ϫ͗P͘ 0 being the departure of the polarization from its equilibrium value. The fluctuation-dissipation theorem 41 dictates that the response of a system to a weak perturbation is entirely determined by the equilibrium correlation of the fluctuating dynamic variable that couples with the field, i.e., (t) ϭa(t), where (t) is the correlation function of the fluctuations of the dipole vectors in equilibrium. The decay function for type-A macromolecules is the same as the correlation function of the end-to-end distance vector (t), 10 since the global chain dipole moment vector is the same as the chain's end-to-end vector. The equilibrium autocorrelation function (t) of the end-to-end distance vector R is defined as ͑t͒ϭ ͗R͑0͒•R͑t͒͘ ͗R͑0͒•R͑0͒͘ .
͑3.10͒
To verify that (t)ϭa(t) in our system, we performed a nonequilibrium simulation, where an external electric field E x ϭ0.25 was applied on a system of 50 chains with Nϭ50 at ϭ0.3. As was indicated in Sec. II, this field produces a linear and observable response. The system was allowed to reach steady state under the influence of the electric field. At time tϭ0 the field was removed and the system polarization was monitored while the chains returned to their equilibrium conformations. The observed decay function is plotted in Fig. 6 . We also plot the correlation function of the fluctuations of the end-to-end vector, calculated with Eq. ͑3.9͒ from an independent equilibrium simulation. It is seen that the two quantities are indeed congruent. It is also clear that the autocorrelation terms are sufficient to describe the dynamics of the chains. Consequently, we calculate the complex dielectric permittivity using the Fourier-Laplace transform of (t). All the reported results are from equilibrium simulations, unless otherwise indicated. The autocorrelation functions (t) for systems at infinite dilution are calculated with Eq. ͑3.10͒. Figure 7 illustrates the typical molecular weight dependence of the correlation functions. The statistical error in the calculation of the correlation functions ranged between 5% for smaller chains and dilute systems and 15% for longer chains and denser systems. From Eq. ͑1.2͒ the complex dielectric permittivity ⑀* is obtained, using (t) instead of a(t). We have found it most useful to fit a series of exponentials to our results, typically employing four or five terms, such that (t)ϭ͚ i w i exp(Ϫt/ i ), with the weights ͚ i w i ϭ1. We then take the Fourier-Laplace transform analytically to obtain the relaxation spectrum. In Fig. 8 is plotted as a function of frequency. The shape of the curves is the same for all the chain lengths, indicating relaxation functions of similar form. The maximum of the dielectric loss curve shifts to lower frequencies with increasing chain size, a behavior characteristic of the normal mode relaxation process.
In Fig. 8 we also plot the normalized dielectric loss curve for the Rouse-Zimm model, which is calculated as
where p is the relaxation for the pth mode. We have shifted the theoretical curve so that its dielectric loss maximum coincides with the maximum of the chains with Nϭ50 beads. Both the Rouse model and the Zimm model propose the same form of the relaxation function, hence dielectric loss, but different relaxation times:
where N is the number of beads, b is the average length between beads, and is the friction coefficient per bead, and
͑3.14͒
where s is the solvent viscosity and p is the pth eigenvalue. The excellent agreement of the simulated curves with the Rouse-Zimm model indicates that the simulations capture qualitatively the dynamic phenomena, even in very dilute solutions of polymers. Adachi and Kotaka 16 observed that the dielectric loss curve is broader than the theoretical one, even at very small concentrations. They attributed these findings to the molecular weight distribution of their experiments. The simulation results, where the systems are monodisperse, appear to support this explanation.
As mentioned in Sec. I, Adachi et al. 14, 18 found that 0 ϭ3. . The difference is due to hydrodynamic effects, which are treated in the Zimm model, but neglected by the Rouse model. Therefore, the experimental molecular weight dependence of the normal mode relaxation times in good solvents cannot be described by either model. The behavior of macromolecules in very dilute systems in good solvents can be described by Tschoegl's 27, 28 theory, where hydrodynamic effects are accounted for. Hence, it becomes apparent that the neglect of solvent entrainment in the simulations should result in quantitative deviations of the simulations relaxation times scaling with the size of the chain and the experimental results at infinite dilution.
The normal mode dielectric relaxation times of the simulations are calculated as the inverse of the frequency at which the maximum of the dielectric loss occurs. Computed relaxation times are tabulated in Table II and for the case of infinite dilution are plotted versus the size of the chains in Fig. 9 . As Kremer and Grest 29 have found, the relaxation times for isolated chains scale with the size of the chain in accordance to DeGennes's scaling analysis of self-avoidingwalk chains, ϰN 2ϩ1 , Ӎ0.62. This scaling does not conform with the experimentally obtained dependence because of the neglect of hydrodynamic interaction in the simulations. It is expected though that as the concentration is increased, hydrodynamic effects will become less important, due to screening effects. 1 Above * simulations should pro- gressively capture the experimentally observed scaling. The change of the dynamics at around C* was observed experimentally, 14, 15, 19 and can be explained in a first approximation as a Zimm/Tschoegl-to-Rouse change due to progressive screening of excluded volume and hydrodynamic interactions. 42 In the static properties, a SAW chain should be the manifestation of the Zimm/Tschoegl model, whereas the Rouse behavior conforms with a RW chain. The singlechain structure factor results ͑Fig. 5͒ indicate that there is a gradual shift from the SAW behavior to the RW behavior for densities above *. At Ӎ8*, all of the systems studied here show RW behavior. Consequently, at these concentrations hydrodynamic and excluded volume effects are effectively screened. Hence, the simulations can adequately describe the motion of macromolecules for densities у8*, which is less than 0.25 for chains of size Nу50. Therefore, for a good portion of the densities and length scales studied here, hydrodynamic effects do not affect the dynamics of the macromolecules and the simulations should conform well with experimental measurements.
In Fig. 10 , the dielectric loss curves are plotted for systems of chains with Nϭ50 and Nϭ150 at different densities . The maximum of the dielectric spectrum shifts to lower frequencies with increasing concentration. The effect of concentration on the width of the EЉ curve is very small when Ͻ*. In the dilute regime the dielectric spectrum is insensitive to , and is close to the theoretical Rouse/Zimm spectrum. This behavior is more easily seen for systems with short chains. Overlapping of the chains alters the mechanism of chain dynamics and the dielectric spectrum broadens significantly with increasing concentration for Ͼ*. For the nonentangled systems the relaxation environment becomes more complex with increasing concentration, rendering the relaxation spectrum more heterogeneous. Therefore, the breadth of the dielectric loss curve for nonentangled systems can be regarded as a measure of the local friction and the degree of overlap between macromolecules. 19 In Fig. 10 it also can be seen that for the dense systems with Nϭ150 there is a more dramatic broadening of the spectra than for the dense systems with Nϭ50. The enhanced broadening of the spectra of dense systems with Nϭ150 can be attributed to entanglement effects. The entanglement length of beadspring melts at ϭ0.85 was found to be N e ϭ35. 30 For concentrated solutions N e e ϭconst, where e is the density that demarcates the onset of entanglement effects. Therefore, for chains with Nϭ50, 100, and 150 beads we have e Ӎ0.6, e Ӎ0.3, and e Ӎ0.2, respectively. It is obvious that the dense systems with Nϭ150 studied here are well in the entanglement regime. Hence, we can conclude that entanglement effects influence considerably the breadth of the spectra.
For most of the curves there appear to be shoulders at the high frequency end of the spectrum. We believe these to be artifacts of the spectrum calculation procedure. The choice of fitting a series of exponentials to the simulation signal was made having two objectives in mind: ͑1͒ the new signal should capture the relevant features and ͑2͒ it should not bias the results. A number of other methods were tested, such as transforming the raw simulation signal or fitting stretched exponentials, but the use of a series of exponentials was deemed as the most flexible and accurate method. Intensive care was taken to satisfy these objectives, but some inaccuracies remain at the high-frequency area that result in the shoulders seen in the spectra in Fig. 10 . To completely eliminate these problems, prohibitively large samples would be required for every simulation. It is also important to stress that the accuracy in the calculation of the normal mode relaxation times from the spectra is not affected by the choice of the fitting process. It is merely subject to the accuracy of the correlation function at longer time scales, which we deem as being satisfactory.
Another important issue is to elucidate the effect of possible entanglement effects on the normal mode relaxation times. Imanishi et al. 43 have shown that entanglement effects Therefore, the critical length for the bead and spring model should approximately be N c Ӎ70 for ϭ0.85 and N c Ӎ150 for ϭ0.4. As a result, entanglement effects that affect the relaxation time scaling should not set in for any of the systems studied here, although entanglements do affect the shape of the dielectric loss curves. From the results of Table  II , the dependence of the relaxation times on chain size for the systems with Nϭ100 and 150 beads at ϭ0.4 follows a scaling ϰN 2.27 . This suggests that entanglement effects do not dominate the dynamics of even the most dense systems simulated. To further support this view, we fit the relaxation times data with an exponential
where A is a constant, dependent on the chain size. In Fig.  11 , it is seen that the entire concentration range is fit well by Eq. ͑3.15͒ for all the chain sizes. The fit parameters are ()ϭ140 exp(2.68), ()ϭ651 exp(2.9), and () ϭ1478 exp(3.14), for chains with Nϭ50,100, and 150, respectively. Entanglement effects would result in deviations from this universal behavior. 19 Therefore, we can more definitely conclude that there is a range of molecular weights M e ϽM ϽM c where the dielectric spectra are broadened but the normal mode relaxation times are not influenced by entanglement effects.
It has been extensively argued throughout this paper that only for systems at concentrations Ͼ8* should the simulated dynamic behavior conform well with the experiment. Therefore, we can make use of semiempirical relations to extrapolate the simulated dynamic behavior down to infinite dilution, using the simulation results at higher concentrations. We fit the simulations data for systems at Ͼ8* with Eq. ͑3.15͒. We find ()ϭ183 exp(1.97), () ϭ646 exp(2.92) and ()ϭ1370 exp(3.36), for chains with Nϭ50,100 and 150, respectively. The normal mode relaxation times at infinite dilution scale with the number of beads as 0 ϭ0.14ϫN 1.83 , a scaling very close to the one found experimentally for PI in benzene. 15 Therefore, as shown in the Appendix, we can map the model relaxation times to the experimental values, finding for the model a characteristic time Ӎ8.7ϫ10 Ϫ11 s. Kremer and Grest 30 found ϭ10 Ϫ10 s, very close to our mapping. They showed the general accuracy of the mapping by comparing their simulation results of polymer melts with a variety of experimental results. From the present work it can be deduced that this mapping holds over the entire range of concentrations. It should be noted that our procedure for mapping simulation parameters to real polymer properties is limited to type-A polar polymers and dielectric spectroscopy experiments. However, it appears that one could in principle use the mapping of the parameters, as determined by comparing simulations to one kind of experiment, to extract information about a wide variety of other conditions and experiments.
IV. CONCLUSIONS
Dielectric spectroscopy of polymeric materials has greatly assisted the fundamental understanding of macromolecular behavior. In this work, we employed equilibrium and nonequilibrium molecular dynamics simulations to provide additional insight into the molecular level. Our studies complement phenomenological theories that have been developed to explain the experimentally observed phenomena.
To make a connection with dielectric spectroscopy experiments, in which polymer dimensions are investigated through dielectric strength measurements, we employed nonequilibrium molecular dynamics simulations. Crossover concentrations *, where overlapping of the chains marks the onset of the semidilute regime, were identified for chains of different sizes. It was found that *ϰN 1Ϫ3 , where Ӎ0.62 is the Flory constant from the simulations. The crossover concentration scaling obtained by the simulations conforms well with the experimentally obtained value and with the scaling theory of DeGennes. Structural properties were further investigated in dilute and semidilute solutions by calculating the single chain structure factor. The crossover region between SAW chains in dilute solutions and RW chains in concentrated solutions was investigated. It was determined that the transition was gradual, spanning a wide range of concentrations.
The dielectric relaxation of the polar macromolecules was also studied. The correlation of the end-to-end fluctuations in equilibrium was found to be congruent to the normalized decay function which determines the nonequilibrium response. Normal mode dielectric relaxation times were calculated from the dielectric loss curves. At infinite dilution, self-avoiding-walk behavior was recovered, where ϰN 2ϩ1 . The leading assumption of the simulations was the neglect of hydrodynamic interactions and it led to deviations from experimental results in the dilute solution regime. As the concentration was increased, excluded volume and hydrodynamic effects were effectively screened above 8*, and the simulations reliably recovered the scaling observed experimentally. Dielectric spectra broaden with increasing concentration, and the broadening at low densities was explained as a measure of chain overlapping. For densities higher than the entanglement density, the spectra broaden considerably due to entanglement effects. The normal mode relaxation times were evaluated at infinite dilution using the results at higher concentrations, where simulations conform well with experimental results. Finally, a mapping of the model parameters onto real polymer properties produced results very close to the mapping obtained from melt simulations.
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APPENDIX
Establishing a connection between the bead-spring model parameters and real chemical species is of great practical importance. One could then use molecular dynamics simulations to complement, explain, or predict experimental phenomena in a quantitative fashion. We attempt to map the number of PI monomers per model bead, the size of the beads , and the characteristic model time , by comparing the simulation results to dielectric spectroscopy measurements of cis-polyisoprene. Typically, the number of monomers per model bead is determined by comparing the experimentally determined and simulated persistence lengths. In good solvents at ϭ0.0, the end-to-end distance scales as ͗R 2 ͘ϭ(ll p ) 2 (NϪ1) 2 , where l p is the persistence length and l is the average bond length. We have calculated the average bond length of the model to be lϭ0.97 and from the simulations data we derive l p Ӎ1.32, independent of chain length. Experimentally, the characteristic ratio C ϱ (C ϱ ϭl p 2 ) for cis-PI in dilute solutions has been found to be C ϱ ϭ5.0. 3 We can therefore conclude that one model bead is equal to 1.69 monomers of PI. Kremer and Grest 30 found almost the same mapping ͑1.73 PI monomers per bead͒, using the simulation results from their study of melts. We proceed differently in calculating the rest of the mapping, comparing our simulation results at infinite dilution with the dielectric spectroscopy experiments. Kremer and Grest based their mapping on their melt diffusion coefficient and entanglement length measurements.
Simulations give a scaling of the average squared end- 2 , for PI in benzene. We can therefore conclude that 1Ӎ0.57 nm. Kremer and Grest found that 1ϭ0.66 nm, close to the mapping from the dielectric spectroscopy measurements at infinite dilution.
The scaling of the normal mode relaxation time is found from the simulations to be 0 ϭ0.14 N 
